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Several intermediate states of the reaction channels e+e− → π+π−D0D¯0 and e+e− → π+π−D+D−
are studied using the data samples collected with the BESIII detector at center-of-mass energies above 4.08
GeV. For the first time in this final state, a ψ(3770) signal is seen in the DD¯ invariant mass spectrum, with
a statistical significance of 5.2σ at
√
s = 4.42 GeV. There is also evidence for this resonance at
√
s = 4.26
and 4.36 GeV with statistical significance of 3.2σ and 3.3σ, respectively. In addition, the Born cross section
of e+e− → π+π−ψ(3770) is measured. The proposed heavy-quark-spin-symmetry partner of the X(3872),
the state X2(4013), is also searched for in the DD¯ invariant mass spectra. No obvious signal is found. The
upper limit of the Born cross section of the process e+e− → ρ0X2(4013) combined with the branching frac-
tion is measured. Also, the processes e+e− → D1(2420)D¯ + c.c. are investigated. The neutral mode with
D1(2420)
0 → D0π+π− is reported with statistical significance of 7.4σ at √s = 4.42 GeV for the first time,
and evidence with statistical significance of 3.2σ and 3.3σ at
√
s = 4.36 and 4.60 GeV is seen, respectively. No
evident signal for the process e+e− → D1(2420)0D¯0 + c.c., D1(2420)0 → D∗+π− is reported. Evidence
for e+e− → D1(2420)+D− + c.c., D1(2420)+ → D+π+π− is reported with statistical significance of 3.1σ
and 3.0σ at
√
s = 4.36 and 4.42 GeV, respectively.
PACS numbers: 14.40.Rt, 13.20.Gd, 13.66.Bc, 13.40.Hq, 14.40.Pq
I. INTRODUCTION
Heavy quarkonia have been studied for more than forty
years for testing and developing quantum chromodynamics
(QCD). On the one hand, some effective theories have been
developed to describe quarkonium spectroscopy and transition
dynamics [1–3]; on the other hand, manyXY Z particles were
discovered [4–6], and some of them are beyond the scope of
potential models. The rich information gained from theXY Z
particles may have opened a door through which quark con-
finement can be understood [7, 8]. To understand theseXY Z
particles, it is of great importance to understand also the prop-
erties of the conventional quarkonia.
4In recent years, several new vector charmonium-like states,
the Y (4260), Y (4360), and Y (4660), have been discov-
ered via their decays into hidden-charm final states such as
π+π−J/ψ or π+π−ψ(3686) [9–13]. The charged Zc(3900)s
and similar structures have been observed in the π±J/ψ and
π±ψ(3686) invariant mass spectra in the processes e+e− →
π+π−J/ψ and π+π−ψ(3686), respectively at BESIII, Belle,
and with CLEO-c data [11, 12, 14–16]. A natural extension
would be a search for the process e+e− → π+π−ψ(3770)
and for the corresponding charged resonance that decays to
π±ψ(3770).
The ψ(3770) is generally assumed to be the 13D1 char-
monium state with some admixture of the 23S1 state. One
of the D-wave spin-triplet charmonium states, the ψ(13D2)
or X(3823), has recently been observed in e+e− →
π+π−ψ(13D2) at BESIII [17]. Therefore, the final states
π+π−ψ(3770) and π+π−ψ(13D3) should be produced at
BESIII as well, although so far there is no calculation on
how large the production rates could be. The ψ(3770) de-
cays dominantly to DD¯, which is also expected to be an im-
portant decay mode of the ψ(13D3). The predicted mass of
the ψ(13D3) is at 3849 MeV/c
2 [18], however, there is no
prediction for the width. Therefore, by studying the process
e+e− → ππDD¯, one can also search for the ψ(13D3).
The X(3872) state was first observed by Belle [19], and
confirmed subsequently by several other experiments [20–22].
Even though it clearly contains a cc¯ pair, the X(3872) does
not fit in the conventional charmonium spectrum. It could be
interpreted as a DD¯∗ molecule with JPC = 1++ [23, 24].
Throughout this paper, the charged conjugate mode is implied
unless it is stated otherwise. Within this picture the existence
of its heavy quark-spin-symmetry partner X2(4013) (J
PC =
2++), an S-wave D∗D¯∗ bound state, is predicted [25, 26].
Its mass and width are predicted as about 4013 MeV/c2 and
∼2-8 MeV, respectively. The X2(4013) is expected to decay
dominantly to DD¯ or DD¯∗ in D-wave. So it may also be
produced in e+e− → π+π−DD¯. The possible discovery of
the 2++ charmonium-like state will provide a strong support
for the interpretation that the X(3872) is dominantly a DD¯∗
hadronic molecule [27].
Amongst various models to interpret the Y (4260) [9, 11],
the authors of Ref. [28] argue that the Y (4260) as a relative
S-wave D1(2420)D¯ system is able to accommodate nearly
all the present observations of the Y (4260). Especially its
absence in various open charm decay channels and the ob-
servation of the Zc(3900) in Y (4260) → π+π−J/ψ sup-
port this interpretation. In this model, the coupling strength
of D1(2420)D¯ to Y (4260) is a key piece of information.
Because of D1(2420) decays to Dππ or D
∗π, this can also
be studied via the ππDD¯ final state.
In this paper, we report the observation of e+e− →
π+π−ψ(3770) andD1(2420)0D¯0 based on data samples col-
lected with the BESIII detector from 2012 to 2014. The Born
cross sections of e+e− → π+π−ψ(3770) at center-of-mass
(c.m.) energies
√
s above 4.08 GeV, e+e− → ρ0X2(4013)
at
√
s = 4.36, 4.42, and 4.60 GeV, and e+e− → D1D¯ above
4.30GeV aremeasured. The energies of the data samples used
in this analysis are 4.0854, 4.1886, 4.2077, 4.2171, 4.2263,
4.2417, 4.2580, 4.3079, 4.3583, 4.3874, 4.4156, 4.4671,
4.5271, 4.5745, 4.5995 GeV, respectively. To make the text
easier to read, we use 4.09, 4.19, 4.21, 4.22, 4.23, 4.245, 4.26,
4.31, 4.36, 4.39, 4.42, 4.47, 4.53, 4.575 and 4.60 GeV in the
following instead.
II. THE EXPERIMENT AND DATA SETS
The BESIII detector is a magnetic spectrometer [29] locat-
ed at the Beijing Electron Positron Collider (BEPCII) [30].
The cylindrical core of the BESIII detector consists of a
helium-based multilayer drift chamber (MDC), a plastic scin-
tillator time-of-flight system (TOF), and a CsI(Tl) electro-
magnetic calorimeter (EMC), which are all enclosed in a su-
perconducting solenoidal magnet providing a 1.0 T magnetic
field. The solenoid is supported by an octagonal flux-return
yoke with resistive plate counter muon identifier modules in-
terleaved with steel. The acceptance of charged particles and
photons is 93% over 4π solid angle. The charged-particle
momentum resolution at 1 GeV/c is 0.5%, and the specific
energy loss (dE/dx) resolution is 6% for the electrons from
Bhabha scattering. The EMC measures photon energies with
a resolution of 2.5% (5%) at 1 GeV in the barrel (end cap)
region. The time resolution of the TOF barrel part is 68 ps,
while that of the end cap part is 110 ps.
For this analysis, the data sets above 4.08 GeV recorded
with the BESIII detector are used. The c.m. energy and the
corresponding integrated luminosity of each data sample are
listed in Table I. The c.m. energy is measured using di-muon
events with a precision of 0.8 MeV [31]. The integrated lu-
minosity is determined by analyzing large-angle Bhabha scat-
tering events. The uncertainty of the integrated luminosity is
1.0% [32].
Simulated data samples produced with the GEANT4-
based [33] Monte Carlo (MC) package, which includes the
geometric description of the BESIII detector and the detector
response, are used to determine the detection efficiency and
to estimate the background contributions. The simulation in-
cludes the beam energy spread and allows for the production
of initial state radiation (ISR) photons in the e+e− annihila-
tion process. Both effects are modeled within the generator
package KKMC [34].
For the optimization of the selection criteria, the follow-
ing MC samples with 200,000 events for each process are
produced at each c.m. energy: e+e− → π+π−ψ(3770),
with ψ(3770) → DD¯; e+e− → ρ0X2(4013) with ρ0 →
π+π− and X2(4013) → DD¯; e+e− → D1(2420)0D¯0
with D1(2420)
0 → D∗0(2308)+π− → D0π+π− (D1 →
Dππ decays through the quasi-two-body intermediate state
D∗0(2308) [35]); e
+e− → D1(2420)0D¯0 with D1(2420)0 →
D∗+π−; e+e− → D1(2420)+D− with D1(2420)+ →
D∗0(2308)
0π+ → D+π−π+. The width of X2(4013) and
D∗0(2308) are set to 8 and 276 MeV, respectively.
In order to estimate the potential background contributions,
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FIG. 1: Scatter plots of the invariant masses of D0 versus D¯0 meson candidates (a) and the invariant masses of D+ versus D− meson
candidates (b) at
√
s = 4.42 GeV. The rectangles show the signal regions (red solid lines) and sideband regions (pink dotted lines).
the BESIII official inclusive MC samples at
√
s = 4.23, 4.26,
4.36, 4.42, and 4.60 GeV are used. The inclusive MC sam-
ples consist of the production of open charm processes, the
ISR production of vector charmonium(-like) states, and the
continuum processes incorporated in KKMC [34]. The known
decay modes are modeled with EVTGEN [36] using branching
fractions taken from the Particle Data Group (PDG) [37]. The
remaining unknown decays of the charmonium states are gen-
erated with LUNDCHARM [38]. The generation of final state
radiation (FSR) photons which are produced by charged fi-
nal state particles is incorporated by the usage of the PHOTOS
package [39]. The size of the MC samples is equivalent to the
luminosity in data.
In addition, exclusive MC samples with 200,000 events
each for the processes e+e− → π+π−D0D¯0, e+e− →
π+π−D+D−, e+e− → D∗+D∗− with D∗+ → D0π+
and D∗− → D¯0π−, e+e− → D∗+D¯0π− with D∗+ →
D0π+, e+e− → D1(2430)0D¯0 with D1(2430)0 → D∗+π−,
e+e− → D∗0(2400)0D¯0 with D∗0(2400)0 → D+π−,
e+e− → D∗0(2400)+D− with D∗0(2400)+ → D0π+ and
e+e− → D∗2(2460)0D¯0 withD∗2(2460)0 → D∗+π− are pro-
duced at each c.m. energy to study possible background con-
tributions.
III. EVENT SELECTION AND BACKGROUND ANALYSIS
In this analysis the DD¯ (denoting D0D¯0 and D+D− in
the following) pairs are selected with both D mesons fully
reconstructed in a number of hadronic decay channels (al-
so called “double D tag” in the following). D0 mesons
are reconstructed in four decay modes (K−π+, K−π+π0,
K−π+π+π−, and K−π+π+π−π0) and D+ mesons in five
decay modes (K−π+π+, K−π+π+π0, K0Sπ
+, K0Sπ
+π0,
andK0Sπ
+π−π+). The D¯0 andD− mesons are reconstructed
in the charge conjugate final states of theD0 andD+ mesons,
respectively. One π+π− pair is selected in addition to the
tracks fromDD¯ decays.
Charged tracks are reconstructed from MDC hits within a
polar-angle (θ) acceptance range of | cos θ| < 0.93 and re-
quired to pass within 10 cm of the interaction point in the
beam direction and within 1 cm in the plane perpendicular
to the beam. The TOF and dE/dx information is combined
for each charged track to calculate the particle identification
(PID) probability Pi (i = π, K) of each particle-type hypoth-
esis. PK > Ppi is required for a kaon candidate and Ppi > PK
is required for a pion candidate. Tracks used in reconstructing
K0S are exempted from these requirements.
Electromagnetic showers are reconstructed by clustering
the energy deposits of the EMC crystals. Efficiency and ener-
gy resolution are improved by including energy deposits in
nearby TOF counters. A photon candidate is defined as a
shower with an energy deposit of at least 25 MeV in the “bar-
rel" region (| cos θ| < 0.8), or at least 50 MeV in the “end-
cap" region (0.86 < | cos θ| < 0.92). Showers in the tran-
sition region between the barrel and the end-cap are not well
measured and are rejected. An additional requirement on the
EMC hit timing (0 ≤ T ≤ 700 ns relative to the event start
time) suppresses electronic noise and energy deposits unrelat-
ed to the event. To eliminate showers from bremsstrahlung
photons which originated from charged particles, the angle
between the shower and nearest charged track is required to
be greater than 20 degrees.
π0 candidates are reconstructed from pairs of photon can-
didates with an invariant mass in the range 0.115 < Mγγ <
0.150 GeV/c2. A one-constraint (1C) kinematic fit with the
mass of the π0 constrained to the world average value [37] is
performed to improve the energy resolution.
6K0S candidates are reconstructed from two oppositely
charged tracks which satisfy | cos θ| < 0.93 for the polar angle
and the distance to the average beam position in beam direc-
tion within 20 cm. For each pair of tracks, assuming they are
π+ and π− , a vertex fit is performed and the resulting track
parameters are used to obtain the ππ invariant mass which
must be in the range 0.487 < Mpipi < 0.511 GeV/c
2. The χ2
from the vertex fit is required to be smaller than 100.
The selected K±, π±, K0S , and π
0 candidates are used
to reconstruct D meson candidates which are composed to
D0D¯0 and D+D− meson pairs. If more than one DD¯ pair
per event is found with both D mesons decaying in the same
way, the pair with the average mass Mˆ = [M(D)+M(D¯)]/2
closest to the nominal mass of the D meson [37] is chosen.
In each event, one negative and one positive charged π are re-
quired in addition. To reduce the background contribution and
improve the mass resolution, a four-constraint (4C) kinemat-
ic fit is performed. The total four-momentum of all selected
charged tracks and good photons from π0 are constrained to
that of the initial e+e− system. If the final state contains a
π0 or K0S meson, its mass is constrained in the kinematic fit
as well. If there are multiple candidates in an event, the one
with the smallest χ2 of the kinematic fit is chosen. To find
the optimal χ2 criteria, the figure of merit FOM = ns√
ns+nb
is maximized. Here ns is the number of signal events from
signal MC simulation and nb is the number of backgrounds
events from inclusive MC samples. The χ2 is required to be
less than 56 for the π+π−D0D¯0 final state with selection effi-
ciency of 90.1% and background rejection rate of 45.5%, and
less than 40 for the π+π−D+D− final state with selection
efficiency of 90.3% and background rejection rate of 29.5%.
In Fig. 1 the invariant mass of D meson candidates is
plotted versus that of the D¯ meson candidates at
√
s =
4.42 GeV after the selection described above. The sig-
nal region indicated by the red line in Fig. 1 is defined as
−6 < ∆Mˆ < 10 MeV/c2 and |∆M | < 35 MeV/c2 for
D0D¯0 pairs, and −5 < ∆Mˆ < 10 MeV/c2 and |∆M | <
25MeV/c2 forD+D− pairs, where the∆Mˆ = Mˆ −mD and
∆M =M(D)−M(D¯)withmD being the nominalD meson
mass [37]. The sideband regions (indicated by the pink rect-
angles in Fig. 1) are defined as −6 < ∆Mˆ < 10 MeV/c2
and 50 < |∆M | < 120 MeV/c2 for D0D¯0 pairs, and
−5 < ∆Mˆ < 10 MeV/c2 and 40 < |∆M | < 90 MeV/c2
forD+D− pairs.
In order to suppress the background contribution of
e+e− → D(∗)D¯(∗)(π), we examine if there is aD∗ (D¯∗) sig-
nal in the D0π+ (D¯0π−) combination. The distributions of
M(D0π+) and M(D¯0π−) are shown in Fig. 2. To improve
the mas resolution, M(D0π+) is calculated as M(D0π+) −
M(D0) + mD0 and M(D¯
0π−) as M(D¯0π−) −M(D¯0) +
mD¯0 , thereby eliminating the effect of the mass resolution
from the reconstruction of the D0 (D¯0) meson. The criteria
M(D0π+) > 2.017 GeV/c2 andM(D¯0π−) > 2.017 GeV/c2
are applied to the processes e+e− → π+π−ψ(3770),
ψ(3770) → D0D¯0, e+e− → ρ0X2(4013), X2(4013) →
D0D¯0, and e+e− → D1(2420)0D¯0, D1(2420)0 →
D0π+π−. The criteria M(D0π+) < 2.017 GeV/c2 and
M(D¯0π−) > 2.017 GeV/c2 are applied to the process
e+e− → D1(2420)0D¯0, D1(2420)0 → D∗+π−, and the
criteria M(D0π+) > 2.017 GeV/c2 and M(D¯0π−) <
2.017 GeV/c2 are applied to the charged conjugate process.
The inclusive MC sample is used to investigate possi-
ble background contributions. There is neither a peak-
ing background contribution found near 3.773 GeV/c2 and
4.013 GeV/c2 in the DD¯ invariant mass distribution nor
near 2.42 GeV/c2 in the Dππ invariant mass distribution.
From the study of the MC samples with highly excited
charmed mesons, we find that only the process e+e− →
D∗2(2460)
0D¯0, D∗2(2460)
0 → D∗+π− produces a peak near
2.46 GeV/c2 in the signal region of the D1(2420)
0 in the in-
variant mass distribution of D∗+π−. Therefore, e+e− →
D∗2(2460)
0D¯0, D∗2(2460)
0 → D∗+π− is considered as a
component of the background contribution in the study of
e+e− → D1(2420)0D¯0,D1(2420)0 → D∗+π−.
There will be some non-DD¯ backgrounds remaining in the
signal region. According to the study of the inclusive MC, in
the DD¯ andDππ invariant mass distribution, non-DD¯ back-
grounds and sidebands events are consistent with each other.
Therefore, the events from the sidebands are used to describe
non-DD¯ backgrounds in this analysis.
IV. SIGNAL YIELD DETERMINATION
A. e+e− → pi+pi−ψ(3770)
After imposing all the requirements mentioned above, the
DD¯ invariant mass distributions are shown in Fig. 3. M(DD¯)
is used for the expressionM(DD¯)−M(D)−M(D¯)+2mD
to obtain a better mass resolution by eliminating the mass res-
olution effect coming from the reconstruction of theD and D¯
mesons. A peak at around 3.77 GeV/c2 can be seen, but there
is no evidence for an intermediate state ψ(13D3).
To determine the signal yield of e+e− → π+π−ψ(3770),
an unbinned maximum likelihood fit is performed to the
M(DD¯) spectra as shown in Fig. 3. The signal contribution is
described by the MC simulated shape which is modeled using
non-parametric kernel-estimation [40]. The background com-
ponent includes the channel D1(2420)D¯, the four-body de-
cay π+π−DD¯ (both described with the shape taken from the
MC simulation which are also modeled with non-parametric
kernel-estimation) and the non-DD¯ background distribution
(described by the DD¯ sideband events). In the fit, the sig-
nal yields are free parameters with lower limits set to 0. The
yields of theD1(2420)D¯ and the π
+π−DD¯ background con-
tributions are free parameters. The number of non-DD¯ back-
ground events is fixed to the number of events from the side-
bands. The signal yields at
√
s = 4.26, 4.36, and 4.42 GeV
returned by the fit are 30.7±9.9, 68.7±21.8, and 99.2±21.0
events, respectively. The statistical significance of the signal
yield is determined to be 3.2σ, 3.3σ, and 5.2σ, respectively,
by comparing the log-likelihood values with and without the
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FIG. 3: Fit to theDD¯ invariant mass distribution at
√
s = 4.26 (a), 4.36 (b), and 4.42 (c) GeV. The black dots with error bars are data and the
blue solid lines are the fit results. The red long-dashed lines indicate the contribution of the ψ(3770) and the pink dashed lines the contribution
of theD1(2420)D¯ final state. The brown dotted-dashed lines show the π
+π−DD¯ background contributions and the green shaded histograms
are the distributions from the sideband regions.
signal hypothesis and taking the change in the number of de-
grees of freedom into account. With the same method, the
data samples taken at other c.m. energies are also studied as
shown in Fig. 8 of Appendix A. The signal yields are listed
in Table I. In this analysis, if the statistical significance of the
signal is less than 1σ, we will scan the likelihood distribution
as a function of the signal yield greater than 0 and use the dif-
ference between the most probable values and the thresholds
of 68.3% total integral area as the errors.
We also search for structures in the π±ψ(3770) invariant
mass distribution at the energy points where the ππψ(3770)
signal is most prominent. The π±ψ(3770) distribution after
requiringM(DD¯) ∈ [3.73, 3.80] GeV/c2 around the ψ(3770)
mass is shown in Fig. 4. There are hints for peaks at 4.04
and 4.13 GeV/c2 in
√
s = 4.42 GeV data, but the statistical
significance is low.
B. e+e− → ρ0X2(4013)
For the search for the X2(4013) resonance, the region of
large DD¯ invariant masses is investigated. Figure 5 shows
the distributions after imposing all the requirements above.
There is no obvious signal visible around 4.013 GeV/c2. We
try to fit these distributions with the signal shape of the process
ρ0X2(4013) taken from the MC simulation and a third order
polynomial as background distribution as shown in Fig. 5. The
signal yields are 1.1+1.5−1.1, 0.0
+1.8
−0.0, and 2.7
+5.3
−2.7 events with the
statistical significance of 1.5σ, 0σ, and 0.5σ for the data sets
at
√
s = 4.36, 4.42, and 4.60 GeV, respectively. Results are
listed in Table II.
C. e+e− → D1(2420)D¯
After imposing all the requirements above, theDπ+π− in-
variant mass distributions are shown in Fig. 6. A peak at
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FIG. 4: Distribution of the M(π±ψ(3770)) invariant mass at
√
s = 4.26 (a), 4.36 (b), 4.42 (c) GeV. The black dots with error bars are data.
The blue histograms show the distributions of the MC simulation of the process e+e− → π+π−ψ(3770) (phase space distributed), while the
green shaded histograms are the distributions from the sideband regions.
)2) (GeV/cDM(D
3.8 3.9 4 4.1
)2
Ev
en
ts
 / 
( 0
.00
5 G
eV
/c
2
4
6
8
10
12
14
16
18
20
Data
Fit
Signal
Background
(a)
)2) (GeV/cDM(D
3.8 3.9 4 4.1
)2
Ev
en
ts
 / 
( 0
.00
5 G
eV
/c
5
10
15
20
25
30
35
40
45
Data
Fit
Signal
Background
(b)
)2) (GeV/cDM(D
3.8 3.9 4 4.1 4.2
)2
Ev
en
ts
 / 
( 0
.00
5 G
eV
/c
2
4
6
8
10
12
14
16
18
Data
Fit
Signal
Background
(c)
FIG. 5: Fit to the region of large DD¯ invariant masses at
√
s = 4.36 (a), 4.42 (b), and 4.60 (c) GeV. The black dots with error bars are data,
the blue solid curves are the fit results, the pink long-dashed lines show the X(4013) signal contribution and the green dashed lines describe
the background distribution.
around 2.42 GeV/c2 can be seen.
To determine the signal yield for the reaction e+e− →
D1(2420)
0D¯0, theD0π+π− invariant mass distribution is fit-
ted with the signal shape taken from the MC simulation con-
volved with a Gaussian function to take into account the shift
of the reconstructed mass to the generated one and the differ-
ence in the mass resolution between data and MC simulation
as shown in Fig. 6. As background components, the channels
π+π−ψ(3770) and π+π−D0D¯0 are included in the fit as well
as a non-DD¯ component, which is fixed to the shape and num-
ber of events expected from the sideband regions. The num-
bers of π+π−ψ(3770) events are fixed to the values calculat-
ed using the cross sections we measured (see Table II). The
yields of the signal events and of the π+π−D0D¯0 events are
allowed to vary in the fit. The signal yields at
√
s = 4.36, 4.42,
and 4.60 GeV are 114.7±13.8, 252.3±39.4, and 43.8±15.1
events with a statistical significance of 3.2σ, 7.4σ, and 3.3σ,
respectively.
A similar fit is performed to theD∗+π− invariant mass dis-
tribution as shown in Fig. 6. The signal shape is taken from the
MC simulation in the same way as described above. As back-
ground components, the channels D∗D¯π and D∗2(2460)
0D¯
are included in the fit as well as the non-DD¯ component tak-
en from the sideband regions. The signal yields at
√
s = 4.36,
4.42, and 4.60 GeV are 17.8±9.3, 22.3±13.2, and 12.6±7.3
events with the statistical significance of 1.6σ, 2.4σ, and 1.5σ,
respectively.
To determine the signal yield of e+e− → D1(2420)+D−,
the D+π+π− invariant mass distribution is fitted with a pro-
cedure similar to the neutral mode as shown in Fig. 6. The
signal yields at
√
s = 4.36, 4.42, and 4.60 GeV are 68.4±17.3,
132.8± 31.4, and 17.7 ± 10.2 events with the statistical sig-
nificance of 3.1σ, 3.0σ, and 2.1σ, respectively.
The data samples taken at other c.m. energies are also stud-
ied with the same method. The fits are shown in Figs. 9-11 in
Appendix B. Signal yields are listed in Tables III-V.
V. CROSS SECTION RESULTS
The Born cross section of e+e− → π+π−ψ(3770) is cal-
culated with
σB =
Nobs
Lintfrfv(BN
∑
i,j ǫi,jBiBj + BC
∑
k,l ǫk,lBkBl)
,
(1)
where Nobs is the number of observed events, Lint the inte-
grated luminosity and ǫi,j the selection efficiency for e
+e− →
π+π−ψ(3770), ψ(3770) → D0D¯0, D0 → i, D¯0 → j. BN
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FIG. 6: Fit to the D0π+π− (first row), D∗+π− (second row) and D+π+π− (third row) invariant mass distribution at
√
s = 4.36 (a, d, g),
4.42 (b, e, h), and 4.60 (c, f, i) GeV. The black dots with error bars are data, the blue solid curves the fit results, and the red long-dashed lines
the D1(2420) signal contributions. The pink dashed lines are the contributions of the final state π
+π−ψ(3770), the blue dotted-dashed lines
these of the π+π−DD¯ orD∗2(2460)
0D¯ final state, and the light blue dotted-long-dashed lines theD∗D¯π background contributions, while the
green shaded histograms are the distributions from the sideband regions.
and BC are the branching fractions for ψ(3770)→ D0D¯0 and
ψ(3770)→ D+D− and Bi (Bj) is the branching fraction for
D0 → i (D¯0 → j) taken from PDG [37]. The same applies to
ǫk,l and Bk (Bl) for charged mode. fv = 1|1−Π|2 is the vacu-
um polarization factor [41] and fr = (1 + δ
r) is the radiative
correction factor which is defined as
(1+δr) =
σobs
σdressed
=
∫
σdressed(s(1 − x))F (x, s)dx
σdressed(s)
. (2)
F (x, s) is the radiator function, which is calculated from
QED [42] with an accuracy of 0.1%, x ≡ 2E∗γ/
√
s =
1 − m2/s, where E∗γ is the ISR photon energy and m is the
invariant mass of the final state after radiating the photon.
σdressed(s) is the energy dependent dressed cross section of
e+e− → π+π−ψ(3770). Here the observed signal events are
assumed to originate from the Y (4260) resonance to obtain
the efficiency and the ISR correction factor. Then the mea-
sured line shape is used as input to calculate the efficiency and
ISR correction factor again. This procedure is repeated until
the difference between two subsequent iterations is compara-
ble with the statistical uncertainties. The Born cross sections
are listed in Table I and shown in Fig. 7. At the energy points
where no significant ψ(3770) signal yields are observed (sig-
nificance < 5σ) the upper limits on the cross sections at the
90% confidence level (C.L.) are calculated using the Bayesian
method [37] with a flat prior. By fitting theDD¯ invariantmass
distribution with fixed values for the signal yield, we obtain a
scan of the likelihood distribution as a function of the cross
section. To take all systematic uncertainties into considera-
tion we convolve the likelihood distribution with a Gaussian
function with a width corresponding to the total systematic
uncertainty. The upper limit on σ at the 90% C.L. is obtained
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TABLE I: Results for the process e+e− → π+π−ψ(3770). Shown in the table are the number of observed events Nobs, the integrated
luminosity Lint, the radiation correction factor 1 + δ
r, the vacuum polarization correction factor 1
|1−Π|2
, the summation over the products
of branching fraction and efficiency
∑
i,j
ǫi,jBiBj (left) for the D0D¯0 and (right) for the D+D− mode, the Born cross section σB and the
statistical significance S. The upper limits are at 90% C.L.
√
s (GeV) Nobs Lint(pb
−1) 1 + δr 1|1−Π|2
∑
i,j ǫi,jBiBj σB (pb) S
4.0854 0.0+1.1−0.0 52.6 0.78 1.052 0.0005 | 0.0005 0.0+57.2−0.0 ± 0.0 (<120) -
4.1886 0.0+1.6−0.0 43.1 0.84 1.056 0.0043 | 0.0032 0.0+11.9−0.0 ± 0.0 (<25) -
4.2077 0.0+2.2−0.0 54.6 0.84 1.057 0.0047 | 0.0036 0.0+11.6−0.0 ± 0.0 (<24) -
4.2171 0.0+1.8−0.0 54.1 0.86 1.057 0.0048 | 0.0036 0.0+9.2−0.0 ± 0.0 (<20) -
4.2263 14.3±8.6 1047.3 0.81 1.056 0.0049 | 0.0037 3.9±2.4±0.6 (<7.9) 1.4σ
4.2417 0.0+2.0−0.0 55.6 0.81 1.056 0.0050 | 0.0038 0.0+10.1−0.0 ± 0.0 (<21) -
4.2580 30.7±9.9 825.7 0.77 1.054 0.0050 | 0.0038 11.1±3.6±1.7 (<16) 3.2σ
4.3079 0.0+2.7−0.0 44.9 0.90 1.052 0.0047 | 0.0036 0.0+16.5−0.0 ± 0.0 (<36) -
4.3583 68.7±21.8 539.8 0.95 1.051 0.0039 | 0.0029 39.5±12.5±5.9 (<59) 3.3σ
4.3874 14.7±6.6 55.2 0.93 1.051 0.0035 | 0.0027 93.3±41.9±14.0 (<166) 2.7σ
4.4156 99.2±21.0 1028.9 0.95 1.053 0.0025 | 0.0020 46.0±9.7±5.9 5.2σ
4.4671 1.5+3.6−1.5 109.9 0.93 1.055 0.0025 | 0.0019 6.6±16.8±0.8 (<39) 0.1σ
4.5271 0.0+1.4−0.0 110.0 0.95 1.055 0.0022 | 0.0017 0.0+6.8−0.0 ± 0.0 (<18) -
4.5745 4.4±2.7 47.7 0.94 1.055 0.0020 | 0.0016 54.0±33.1±6.9 (<123) 1.4σ
4.5995 3.7+7.9−3.7 566.9 0.96 1.055 0.0019 | 0.0015 3.9+8.4−3.9 ± 0.5 (<20) 0.5σ
TABLE II: Results for the reaction channel e+e− → ρ0X2(4013). For the symbols see Table I, the penultimate column is the Born cross
section σB times the branching fraction of X2(4013) → DD¯. The upper limits are at 90% C.L.
√
s (GeV) Nobs Lint(pb
−1) 1 + δr 1|1−Π|2
∑
i,j ǫi,jBiBj σB · BX2(4013)→DD¯ (pb) S
4.3583 1.1+1.5−1.1 539.8 0.92 1.051 0.0018|0.0017 1.2+1.6−1.2 ± 0.2 (<4.8) 1.5σ
4.4156 0.0+1.8−0.0 1028.9 0.93 1.053 0.0045|0.0035 0.0+0.4−0.0 ± 0.0 (<1.0) -
4.5995 2.7+5.3−2.7 566.9 0.95 1.055 0.0054|0.0042 1.0+1.9−1.0 ± 0.2 (<5.5) 0.5σ
TABLE III: Results for the process e+e− → D1(2420)0D¯0 withD1(2420)0 → D0π+π−+ c.c. For the symbols see Table I, the penultimate
column is the Born cross section σB times the branching fraction of D1(2420)
0 → D0π+π−. The upper limits are at 90% C.L.
√
s (GeV) Nobs Lint(pb
−1) 1 + δr 1|1−Π|2
∑
i,j ǫi,jBiBj σB · BD01→D0pi+pi−(pb) S
4.3079 2.4±1.7 44.9 0.87 1.052 0.0049 11.8±8.4±2.4 (<31) 1.4σ
4.3583 114.7±13.8 539.8 0.94 1.051 0.0041 52.2±6.3±9.8 (<66) 3.2σ
4.3874 15.5±10.8 55.2 0.95 1.051 0.0037 76.6±53.4±14.4 (<142) 1.3σ
4.4156 252.3±39.4 1028.9 0.94 1.053 0.0028 89.5±14.0±12.8 7.4σ
4.4671 6.9±5.6 109.9 0.92 1.055 0.0028 23.3±18.9±3.3 (<52) 1.5σ
4.5271 5.6±2.9 110.0 0.94 1.055 0.0024 21.3±11.0±3.6 (<44) 1.3σ
4.5745 2.8+2.3−2.8 47.7 0.94 1.055 0.0023 25.7
+21.1
−25.7 ± 4.4 (<80) 0.7σ
4.5995 43.8±15.1 566.9 0.95 1.055 0.0022 35.0±12.1±5.9 (<56) 3.3σ
from
∫ σ
0
L(x)dx/
∫ ∞
0
L(x)dx = 0.9. (3)
All upper limits on the cross sections are also listed in Table I.
For the reaction channel e+e− → ρ0X2(4013) the
upper limit of the product of the Born cross section
and the branching fraction to DD¯ is measured, assum-
ing BX2(4013)→D0D¯0 = BX2(4013)→D+D− = 0.5 ×BX2(4013)→DD¯ . The efficiency and ISR correction factor in
Eq. (1) is taken from the MC sample with theX2(4013) reso-
nance as intermediate state and the cross-section following the
Y (4260) line shape. The upper limits on the cross sections at
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TABLE IV: Results for the reaction channel e+e− → D1(2420)0D¯0 withD1(2420)0 → D∗+π− + c.c. (For symbols see Table III).
√
s(GeV) Nobs Lint(pb
−1) 1 + δr 1|1−Π|2
∑
i,j ǫi,jBiBj σB · BD01→D∗+pi−(pb) S
4.3079 1.8+1.6−1.8 44.9 0.92 1.052 0.00052 80.1
+71.2
−80.1 ± 13.8 (<231) 0.8σ
4.3583 17.8±9.3 539.8 0.92 1.051 0.00059 57.7±30.2±9.3 (<107) 1.6σ
4.3874 0.4+3.0−0.4 55.2 0.94 1.051 0.00061 12.0
+90.2
−12.0 ± 1.9 (<210) 0.5σ
4.4156 22.3±13.2 1028.9 0.93 1.053 0.00055 40.0±23.7±6.0 (<78) 2.4σ
4.4671 5.1+3.0−5.1 109.9 0.92 1.055 0.00059 80.5
+47.4
−80.5 ± 12.1 (<194) 0.9σ
4.5271 0.0+2.2−0.0 110.0 0.94 1.055 0.00062 0.0
+32.6
−0.0 ± 0.0 (<71) -
4.5745 0.5+2.0−0.5 47.7 0.94 1.055 0.00064 16.4
+70.0
−16.4 ± 2.9 (<174) 0.1σ
4.5995 12.6±7.3 566.9 0.95 1.055 0.00065 34.4±19.9±6.0 (<70) 1.5σ
TABLE V: Results for the reaction channel e+e− → D1(2420)+D− withD1(2420)+ → D+π+π− + c.c. (For symbols see Table III).
√
s (GeV) Nobs Lint(pb
−1) 1 + δr 1|1−Π|2
∑
i,j ǫi,jBiBj σB · BD+
1
→D+pi+pi− (pb) S
4.3079 0.0+2.2−0.0 44.9 0.88 1.052 0.0041 0.0
+13.0
−0.0 ± 0.0 (<26) -
4.3583 68.4±17.3 539.8 0.95 1.051 0.0032 39.7±10.0±7.6 (<54) 3.1σ
4.3874 1.4+3.5−1.4 55.2 0.94 1.051 0.0031 8.3
+20.2
−8.3 ± 1.6 (<49) -
4.4156 132.8±31.4 1028.9 0.94 1.053 0.0024 54.0±12.8±7.6 (<76) 3.0σ
4.4671 9.5±6.8 109.9 0.92 1.055 0.0023 38.8±27.8±5.4 (<72) 1.7σ
4.5271 2.3±1.9 110.0 0.94 1.055 0.0020 10.3±8.5±1.6 (<29) 1.0σ
4.5745 4.8±2.7 47.7 0.94 1.055 0.0020 51.4±28.9±8.0 (<110) 2.0σ
4.5995 17.7±10.2 566.9 0.94 1.055 0.0017 18.9±10.9±2.9 (<36) 2.1σ
90% C.L. are estimated using the same method as described
above. All results and upper limits are listed in Table II.
For the reaction channel e+e− → D1(2420)D¯ with
D1(2420) → X(Dπ+π− or D∗π), the product of the Born
cross section times the branching fraction of D1(2420)→ X
is calculated using
σB × BD1(2420)→X =
Nobs
Lintfvfr
∑
i,j ǫi,jBiBj
, (4)
where ǫi,j is the selection efficiency for each process e
+e− →
D1(2420)D¯ (D1(2420)→ Dππ/D∗π,D → i, D¯ → j). The
low momentum of the π meson from D∗ → Dπ decay re-
duces the efficiency for the decay channelD1(2420)→ D∗π
in comparison to D1(2420)→ Dππ. The other variables are
the same as defined in Eq. (1). For the D1(2420) → D∗π
channel, the branching fraction BD∗→Dpi is taken into ac-
count. The cross sections as a function of c.m. energy are
shown in Fig. 7. At the energy points where no significant
D1 signals are observed (significance < 5σ), the upper lim-
its on the cross sections at the 90% C.L. are estimated using
the same method as described above. All numbers are shown
in the Tables III, IV, and V for the neutral and the charged
modes, respectively.
VI. SYSTEMATIC UNCERTAINTY ESTIMATION
The systematic uncertainties in the cross section mea-
surements mainly stem from the integrated luminosity, the
tracking and photon detection efficiency, various intermedi-
ate branching fractions, the ISR correction factor, the sig-
nal and background shapes, the fit range, the signal region
of double tag of the D mesons, and the cross section of the
π+π−ψ(3770) final state. The estimation of the systematic
uncertainties is described in the following and the results at√
s = 4.36, 4.42, and 4.60 GeV are listed in Tables VI-X. The
results for all other energy points are listed in Appendix C.
TABLE VI: Relative systematic uncertainties (in %) on the
σ(e+e− → π+π−ψ(3770)) measurement.
Sources /
√
s (GeV) 4.3583 4.4156 4.5995
Integrated luminosity 1.0 1.0 1.0
Efficiency related 8.9 8.8 8.6
Radiative correction 0.6 2.1 0.2
Signal shape 3.4 3.8 3.8
Background shape 9.9 7.6 7.6
Fit range 2.0 2.4 2.4
Signal region of double tag 5.3 2.0 2.0
Total 14.9 12.8 12.5
(a) The uncertainty from the integrated luminositymeasure-
ment using Bhabha (e+e− → e+e−) scattering events is esti-
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FIG. 7: Born cross sections of the processes (black dots) e+e− → π+π−ψ(3770) (a), e+e− → D1(2420)0D¯0 → π+π−D0D¯0 (b),
e+e− → D1(2420)0D¯0 → D∗+D¯0π− → π+π−D0D¯0 (c), and e+e− → D1(2420)+D− → π+π−D+D− (d). The error bars include the
statistical and systematic uncertainties. The red triangles are the upper limits on the Born cross sections at the 90 % C.L.
TABLE VII: Relative systematic uncertainties (in %) on the
σ(e+e− → ρ0X2(4013) → π+π−DD¯) measurement.
Sources /
√
s (GeV) 4.3583 4.4156 4.5995
Integrated luminosity 1.0 1.0 1.0
Efficiency related 9.0 9.0 9.0
Radiative correction 5.6 14.5 5.9
Signal shape 9.9 0.0 11.5
Background shape 3.2 0.0 4.6
Fit range 4.5 0.0 4.4
Signal region of double tag 3.3 0.0 12.1
Total 15.9 17.1 20.9
mated to be 1.0% [32].
(b) The systematic uncertainty from the efficiency includes
the uncertainties from MC statistics, particle identification,
charged track, photon, π0, and K0S reconstruction, as well as
the branching fractions of the various D decays. The recon-
struction uncertainty for each charged track is 1% [43]. The
uncertainty from the photon reconstruction is 1% per pho-
ton [44], and the uncertainty from the π0 reconstruction is
TABLE VIII: Relative systematic uncertainties (in %) on the
σ(e+e− → D1(2420)0D¯0, D1(2420)0 → D0π+π− + c.c.) mea-
surement.
Sources /
√
s (GeV) 4.3583 4.4156 4.5995
Integrated luminosity 1.0 1.0 1.0
Efficiency related 4.9 5.0 4.9
Radiative correction 0.6 2.1 0.2
Signal shape 7.2 5.5 8.2
Background shape 3.2 1.2 7.4
Fit range 0.9 1.0 0.9
Signal region of double tag 2.6 4.2 4.8
σ(ππψ(3770)) 11.4 0.5 1.1
Total 18.8 14.3 17.0
1% per π0 [44]. The uncertainty from the K0S reconstruc-
tion is 4% per K0S [45]. The uncertainty from the parti-
cle identification is 1% per track [43]. The systematic un-
certainty for the branching fraction B(D∗+ → D0π+) is
0.74%. Those for B(D0 → K−π+), B(D0 → K−π+π0),
B(D0 → K−π+π+π−), and B(D0 → K−π+π+π−π0) are
1.02%, 5.60%, 2.85%, and 9.52%, respectively, and those for
13
TABLE IX: Relative systematic uncertainties (in %) on the
σ(e+e− → D1(2420)0D¯0, D1(2420)0 → D∗+π− + c.c.) mea-
surement.
Sources /
√
s (GeV) 4.3583 4.4156 4.5995
Integrated luminosity 1.0 1.0 1.0
Efficiency related 4.9 5.0 4.9
Radiative correction 0.6 2.1 0.2
Signal shape 5.3 2.8 4.9
Background shape 0.2 1.8 0.1
Fit range 2.7 3.9 0.8
Signal region of double tag 4.9 2.6 9.8
Total 16.0 15.1 17.5
TABLE X: Relative systematic uncertainties (in %) on the
σ(e+e− → D1(2420)+D−, D1(2420)+ → D+π+π−+c.c.) mea-
surement.
Sources /
√
s (GeV) 4.3583 4.4156 4.5995
Integrated luminosity 1.0 1.0 1.0
Efficiency related 13.4 13.2 13.0
Radiative correction 0.2 1.0 1.5
Signal shape 7.4 4.2 4.1
Background shape 1.6 0.8 3.8
Fit range 1.7 0.9 1.7
Signal region of double tag 1.1 1.3 5.2
σ(ππψ(3770)) 11.1 0.3 1.7
Total 19.1 14.0 15.4
B(D+ → K−π+π+), B(D+ → K−π+π+π0), B(D+ →
K0Sπ
+), B(D+ → K0Sπ+π0), B(D+ → K0Sπ+π−π+) are
2.54%, 2.61%, 3.92%, 2.35%, and 2.95%, respectively [37].
The total efficiency related systematic uncertainty is the sum
of all these individual uncertainties in quadrature.
(c) ISR photons are simulated by using the KKMC pack-
age. The shape of the c.m. energy dependent cross section
affects the radiative correction factor and the reconstruction
efficiency. For the reactions e+e− → π+π−ψ(3770) and
e+e− → D1(2420)D¯, the difference between the last two it-
erations is taken as the systematic uncertainty. Since we have
no knowledge on the production cross section for the reaction
e+e− → ρ0X2(4013), we assume that the cross section of
ρ0X2(4013) follows the Y (4260) or the ψ(4415) line shape.
The difference between these two assumptions is taken as the
systematic uncertainty.
(d) For the determination of the systematic uncertainty
caused by the signal shape, additional MC samples are pro-
duced by varying the width of the signal resonance by one
standard deviation of its world average value [37]. The largest
difference of the cross section compared with the nominal val-
ue is taken as the systematic uncertainty of the signal shape.
(e) The systematic uncertainty caused by the background
shape, which is taken from MC simulation of the final states
π+π−ψ(3770),D1(2420)D¯ andD1(2460)D¯, is estimated by
generating alternative MC samples where the width of the
ψ(3770), D1(2420) and D1(2460) resonances is changed by
one standard deviation of the world average value [37]. The
largest difference of the cross section compared with the nom-
inal fit value is taken as the systematic uncertainty of the back-
ground shape. The systematic uncertainty originating from
the sideband selection is estimated by changing the sideband
windows by 10 MeV/c2. The largest difference of the cross
section compared with the nominal mass window is taken as
systematic uncertainty. For e+e− → ρ0X2(4013), the back-
ground shape is changed from a third order polynomial to a
fourth order polynomial, and the difference is taken as the sys-
tematic uncertainty of background shape.
(f) The systematic uncertainty caused by the choice of the
fit range is estimated by varying the limits of the fit range by
20 MeV/c2. The largest difference of the cross section from
the nominal value is taken as systematic uncertainty.
(g) In order to estimate the systematic uncertainty due to the
selection of the signal window for the double D-tag method,
the whole analysis is repeated by changing the signal region
from |∆M | < 35 MeV/c2, −6 < ∆Mˆ < 10 MeV/c2
to |∆M | < 39 MeV/c2, −8 < ∆Mˆ < 12 MeV/c2 for
the D0D¯0 mode and from |∆M | < 25 MeV/c2, −5 <
∆Mˆ < 10 MeV/c2 to |∆M | < 29 MeV/c2, −7 < ∆Mˆ <
12MeV/c2 for theD+D− mode. The difference of the cross
section from the nominal value is taken as systematic uncer-
tainty.
(h) The systematic uncertainty caused by the fixed number
of π+π−ψ(3770) events in the fit ofM(Dπ+π−) is estimated
by varying the fixed number by one standard deviation. The
largest deviation from the nominal cross section is taken as
systematic uncertainty.
Tables VI to X summarize all the systematic uncertainties.
The overall systematic uncertainty for each process and c.m.
energy is obtained by summing up all sources of systematic
uncertainties in quadrature, assuming they are uncorrelated.
VII. SUMMARY AND DISCUSSION
In this analysis, the processes e+e− → π+π−DD¯ are stud-
ied by using the data samples collected at
√
s = 4.09, 4.19,
4.21, 4.22, 4.23, 4.245, 4.26, 4.31, 4.36, 4.39, 4.42, 4.47, 4.53,
4.575, and 4.60 GeV.
We observe the process e+e− → π+π−ψ(3770) for the
first time with a statistical significance of 5.2σ at
√
s = 4.42
GeV and see evidence for this process with a statistical sig-
nificance of 3.2σ and 3.3σ at
√
s = 4.26 and 4.36 GeV, re-
spectively. However, no evidence for the ψ(13D3) state is
found. The Born cross section of e+e− → π+π−ψ(3770)
is measured as shown in Fig. 7. It can be compared with the
cross section of the process e+e− → π+π−ψ(13D2) [17]. If
we take B(ψ(13D2) → γχc1) ≈ 250 keV390 keV ≈ 0.64 [46], the
Born cross section of e+e− → π+π−ψ(13D1) is an order of
magnitude larger than that of e+e− → π+π−ψ(13D2) at the
same c.m. energies [17]. The e+e− → π+π−ψ(3770) line
shape looks similar to that of e+e− → π+π−ψ(13D2) [17].
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Whether the events are from the Y (4390) or the ψ(4415) res-
onance or from any other resonance cannot be distinguished
based on the current statistics. For the data points with enough
statistics for the e+e− → π+π−ψ(3770) final state, no sig-
nificant structure (i.e. a possible Zc state) is observed in the
π±ψ(3770) system.
We also search for the stateX2(4013), the proposed heavy-
quark-spin-symmetry partner of the X(3872), by analyzing
the process e+e− → ρ0X2(4013) with X2(4013) → DD¯.
No significant signal for theX2(4013) is observed in any data
sample. The upper limit (at the 90% C.L.) of σ(e+e− →
ρ0X2(4013)) · B(X2(4013)→ DD¯) is estimated as 5.0, 1.0,
and 5.1 pb at
√
s = 4.36, 4.42, and 4.60 GeV, respectively.
The process e+e− → D1(2420)0D¯0, D1(2420)0 →
D0π+π− is observed for the first time with a statistical sig-
nificance of 7.4σ at
√
s = 4.42 GeV, and we see evidence for
this process with statistical significance of 3.2σ and 3.3σ at√
s = 4.36 and 4.60 GeV, respectively. There is also evidence
for the process e+e− → D1(2420)+D−, D1(2420)+ →
D+π+π− with statistical significance of 3.1σ and 3.0σ at√
s = 4.36 and 4.42 GeV, respectively. There is no evi-
dence for the process e+e− → D1(2420)0D¯0, D1(2420)0 →
D∗+π−. The Born cross sections of e+e− →
D1(2420)
0D¯0, D1(2420)
0 → D0π+π−/D1(2420)0 →
D∗+π− and e+e− → D1(2420)+D−, D1(2420)+ →
D+π+π− are measured at
√
s = 4.31, 4.36, 4.39, 4.42, 4.47,
4.53, 4.575, and 4.60 GeV as shown in Fig. 7. No fast rise
of the cross section above theD1(2420)D¯ threshold is visible
as indicated in Ref. [28], whose point is also disfavored by
Ref. [47]. There is no other obvious structure visible either.
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Appendix A: Fits to the DD¯ invariant mass distributions
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FIG. 8: Fit to the DD¯ invariant mass distribution at
√
s = 4.09 (a), 4.19 (b), 4.21 (c), 4.22 (d), 4.23 (e), 4.245 (f), 4.26 (g), 4.31 (h), 4.36
(i), 4.39 (j), 4.42 (k), 4.47 (l), 4.53 (m), 4.575 (n) and 4.60 (o) GeV. The black dots with error bars are data and the blue solid lines are the
fit results. The red long-dashed lines indicate the contribution of the ψ(3770) and the pink dashed lines the contribution of the D1(2420)D¯
final state. The brown dotted-dashed lines show the π+π−DD¯ background contributions and the green shaded histograms are the distributions
from the sideband regions.
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Appendix B: Fits to the Dπ+π− invariant mass distributions
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FIG. 9: Fit to the D0π+π− invariant mass distribution at
√
s = 4.31 (a), 4.36 (b), 4.39 (c), 4.42 (d), 4.47 (e), 4.53 (f), 4.575 (g) and 4.60
(h) GeV. The black dots with error bars are data, the blue solid curves the fits results, and the red long-dashed lines the D1(2420) signal
contributions. The pink dashed lines are the contributions of the final state π+π−ψ(3770) and the blue dot-dot-dashed lines these of the
π+π−DD¯ final state, while the green shaded histograms are the distributions from the sidebands regions.
18
)2) (GeV/c-pi*+M(D
2.2 2.3 2.4 2.5 2.6
)2
Ev
en
ts
 / 
( 0
.00
5 G
eV
/c
0.5
1
1.5
2
2.5
3
3.5
4
Data
Fit
D1D D2D
piD*D
Sideband
(a)
)2) (GeV/c-pi*+M(D
2.2 2.3 2.4 2.5 2.6
)2
Ev
en
ts
 / 
( 0
.00
5 G
eV
/c
2
4
6
8
10
12
14
16
Data
Fit
D1D D2D
piD*D
Sideband
(b)
)2) (GeV/c-pi*+M(D
2.2 2.3 2.4 2.5 2.6
)2
Ev
en
ts
 / 
( 0
.00
5 G
eV
/c
1
2
3
4
5
6 Data
Fit
D1D D2D
piD*D
Sideband
(c)
)2) (GeV/c-pi*+M(D
2.2 2.3 2.4 2.5 2.6
)2
Ev
en
ts
 / 
( 0
.00
5 G
eV
/c
5
10
15
20
25
30
35 Data
Fit
D1D D2D
piD*D
Sideband
(d)
)2) (GeV/c-pi*+M(D
2.2 2.3 2.4 2.5 2.6
)2
Ev
en
ts
 / 
( 0
.00
5 G
eV
/c
1
2
3
4
5
6
Data
Fit
D1D D2D
piD*D
Sideband
(e)
)2) (GeV/c-pi*+M(D
2.2 2.4 2.6
)2
Ev
en
ts
 / 
( 0
.00
5 G
eV
/c
0.5
1
1.5
2
2.5
3
3.5
4
4.5 DataFit
D1D D2D
piD*D
Sideband
(f)
)2) (GeV/c-pi*+M(D
2.2 2.4 2.6 2.8
)2
Ev
en
ts
 / 
( 0
.00
5 G
eV
/c
0.5
1
1.5
2
2.5
3
Data
Fit
D1D D2D
piD*D
Sideband
(g)
)2) (GeV/c-pi*+M(D
2.2 2.4 2.6 2.8
)2
Ev
en
ts
 / 
( 0
.00
5 G
eV
/c
2
4
6
8
10
12
14 Data
Fit
D1D D2D
piD*D
Sideband
(h)
FIG. 10: Fit to the D∗+π− invariant mass distribution at
√
s = 4.31 (a), 4.36 (b), 4.39 (c), 4.42 (d), 4.47 (e), 4.53 (f), 4.575 (g) and 4.60
(h) GeV. The black dots with error bars are data, the blue solid curves the fit results, and the red long-dashed lines the D1(2420) signal
contributions. The light blue dot-long-dashed lines are the D∗D¯π and the blue dot-dashed lines the D∗2(2460)
0D¯ background contributions,
while the green shaded histograms are the distributions from the sideband regions.
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FIG. 11: Fit to the D+π+π− invariant mass distribution at
√
s = 4.31 (a), 4.36 (b), 4.39 (c), 4.42 (d), 4.47 (e), 4.53 (f), 4.575 (g) and
4.60 (h) GeV. The black dots with error bars are data, the blue solid curves the fit results, and the red long-dashed lines the D1(2420) signal
contribution. The pink dashed lines are contributions of the final state π+π−ψ(3770) and the blue dot-dot-dashed lines these of the π+π−DD¯
final state, while the green shaded histograms are the distributions from the sideband regions.
Appendix C: Systematic uncertainties for the measurements of σ(e+e− → pi+pi−ψ(3770)) and σ(e+e− → D1(2420)
0D¯0)
TABLE XI: Systematic uncertainties (in %) in σ(e+e− → π+π−ψ(3770)) measurement.
Sources /
√
s (GeV) 4.0854 4.1886 4.2077 4.2171 4.2263 4.2417 4.2580 4.3079 4.3583 4.3874 4.4156 4.4671 4.5271 4.5745 4.5995
Integrated luminosity 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Efficiency related 9.2 9.3 9.2 9.2 9.0 9.0 9.2 9.0 8.9 8.8 8.8 8.7 8.7 8.7 8.6
Radiative correction 1.3 1.5 2.1 1.5 0.6 4.4 1.1 6.3 0.6 1.8 2.1 1.8 0.7 2.5 0.2
Signal shape 3.4 3.4 3.4 3.4 3.4 3.4 3.4 3.4 3.4 3.4 3.8 3.8 3.8 3.8 3.8
Background shape 9.9 9.9 9.9 9.9 9.9 9.9 9.9 9.9 9.9 9.9 7.6 7.6 7.6 7.6 7.6
Fit range 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.4 2.4 2.4 2.4 2.4
Signal region of double tag 5.3 5.3 5.3 5.3 5.3 5.3 5.3 5.3 5.3 5.3 2.0 2.0 2.0 2.0 2.0
Total 14.3 15.2 15.2 15.1 15.0 15.6 15.1 16.2 14.9 15.0 12.8 12.7 12.6 12.8 12.5
20
TABLE XII: Relative systematic uncertainties (in %) in σ(e+e− → D1(2420)0D¯0, D1(2420)0 → D0π+π− + c.c.) measurement.
Sources /
√
s (GeV) 4.3079 4.3583 4.3874 4.4156 4.4671 4.5271 4.5745 4.5995
Integrated luminosity 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Efficiency related 12.4 12.4 12.3 12.2 12.1 12.1 12.1 12.0
Radiative correction 6.4 0.6 1.8 2.1 1.8 0.7 2.5 0.2
Signal shape 7.2 7.2 7.2 5.5 5.5 8.2 8.2 8.2
Background shape 3.2 3.2 3.2 1.2 1.2 7.4 7.4 7.4
Fit range 0.9 0.9 0.9 1.0 1.0 0.9 0.9 0.9
Signal region of double tag 2.6 2.6 2.6 4.2 4.2 4.8 4.8 4.8
σ(ππψ(3770)) 11.4 11.4 11.4 0.5 0.5 1.1 1.1 1.1
Total 19.9 18.8 18.8 14.3 14.2 17.1 17.3 17.0
TABLE XIII: Relative systematic uncertainties (in %) in σ(e+e− → D1(2420)0D¯0, D1(2420)0 → D∗+π− + c.c.) measurement.
Sources /
√
s (GeV) 4.3079 4.3583 4.3874 4.4156 4.4671 4.5271 4.5745 4.5995
Integrated luminosity 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Efficiency related 14.0 14.0 13.9 13.8 13.8 13.7 13.7 13.6
Radiative correction 6.3 0.6 1.8 2.1 1.8 0.7 2.5 0.2
Signal shape 5.3 5.3 5.3 2.8 2.8 4.9 4.9 4.9
Background shape 0.2 0.2 0.2 1.8 1.8 7.4 0.1 0.1
Fit range 2.7 2.7 2.7 3.9 3.9 0.8 0.8 0.8
Signal region of double tag 4.9 4.9 4.9 2.6 2.6 9.8 9.8 9.8
Total 17.2 16.0 16.1 15.1 15.1 19.1 17.7 17.5
TABLE XIV: Relative systematic uncertainties (in%) in σ(e+e− → D1(2420)+D−, D1(2420)+ → D+π+π− + c.c.) measurement.
Sources /
√
s (GeV) 4.3079 4.3583 4.3874 4.4156 4.4671 4.5271 4.5745 4.5995
Integrated luminosity 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Efficiency related 13.5 13.4 13.3 13.2 13.1 13.1 13.1 13.0
Radiative correction 2.4 0.2 1.0 1.0 0.6 3.4 1.4 1.5
Signal shape 7.4 7.4 7.4 4.2 4.2 4.1 4.1 4.1
Background shape 1.6 1.6 1.6 0.8 0.8 3.8 3.8 3.8
Fit range 1.7 1.7 1.7 0.9 1.0 1.7 1.7 1.7
Signal region of double tag 1.1 1.1 1.1 1.3 1.3 5.2 5.2 5.2
σ(ππψ(3770)) 11.1 11.1 11.1 0.3 0.3 1.7 1.7 1.7
Total 19.3 19.1 19.1 14.0 13.9 15.8 15.5 15.4
